Introduction
Artificial streams have been used for decades to test the responses of organisms to stressors including single contaminants and complex effluent mixtures (Bothwell 1993; Fairchild and Little 1993; Gelwick and Matthews 1993; Lamberti and Steinman 1993) . Many of these applications have been laboratory based where single species have been exposed to single chemical stressors. Field-based applications using stream-side (Bothwell 1993) or in-stream troughs (Perrin et al. 1992) , in-lake enclosures and farm ponds (Shaw and Kennedy 1996) or in-ground stream channels (Hall et al. 1991) have also been reported in the literature. Although the utility of these systems for assessing contaminant effects on aquatic biota has been recognized, integration into regulatory programs has not been successful to date (Shaw and Kennedy 1996) .
Artificial stream systems have recently been accepted as monitoring alternatives in the Canadian pulp and paper and mining environmental effects monitoring (EEM) programs (Environment Canada 1998 , 2001 ). These EEM programs are federally legislated environmental assessment programs that are required under regulations pertaining to the Fisheries Act (Environment Canada 1992 , 1997 . Artificial streams were integrated into the EEM program as monitoring alternatives because years of research and development demonstrated that they could produce good quality data on effluent effects that fit within the required regulatory context.
Since 1991, the National Water Research Institute (NWRI) of Environment Canada has been developing field-based artificial stream systems (mesocosm and microcosm systems) for assessing the effects of point source effluents on aquatic ecosystems. In the Northern River Basins Study (1991) (1992) (1993) (1994) (1995) (1996) a large artificial stream system was used as part of an integrated environmental assessment program to determine the effects of nutrients and contaminants from pulp mill effluent (PME) on benthic communities in the Athabasca River, Alberta (Culp and Podemski 1996; Podemski and Culp 1996; Culp et al. 2000a) . Similar studies were conducted in British Columbia from 1991 to 1998 in the Thompson and Fraser rivers under the Fraser River Action Plan (FRAP). In the FRAP studies, both large and small artificial stream systems were used as tools to improve our understanding of the effects of PME on freshwater riverine benthos (Lowell et al. 1995 (Lowell et al. , 1996 (Lowell et al. , 2000 Culp et al. , 2000b Dubé and Culp 1996) . In the late 1990s, artificial streams were used in three industrial pilot studies to assess the effects of PME on smallbodied fish in estuarine (St. John River, N.B.) and marine (Saint John Harbour, N.B.) receiving waters (Dubé and MacLatchy 2000a; In press). The most recent phase of artificial stream development has occurred since 1999 under the Toxic Substances Research Initiative (TSRI) (Culp et al., Unpublished data) . In this program, stream systems have been developed to assess the effects of pulp mill and mining effluents on riverine benthos, fish, and self-sustaining aquatic food webs (i.e., multitrophic level applications including algae + benthic invertebrates + fish). The objective of this paper was to summarize the development of fieldbased artificial stream systems in Canada over the last 10 years for assessing the effects of pulp and paper and mining effluents as required under the Canadian EEM programs.
Development and Application of Artificial Streams in Canada for EEM 1991 to 1996, Northern River Basins Study (NRBS), Alberta
In the early 1990s, artificial streams were developed as research tools to begin the process of systematically isolating the contribution of individual effluent discharges to environmental impacts in Canadian rivers receiving multiple effluents. One of the first applications assessed the effects of PME on benthic invertebrate and periphytic algae communities in the Athabasca River (Table 1 ) (Culp and Podemski 1996; Culp et al. , 2000a Podemski and Culp 1996; Podemski 1999) . Prior to this research, the focus of pulp and paper environmental effects assessment in Canada was largely toxicity-oriented and focused on fish (McMaster et al. 1991; Munkittrick et al. 1991 Munkittrick et al. , 1992a Munkittrick et al. ,b, 1994 Swanson et al. 1992) .
In the 1980s and 1990s, fish exposed to PMEs had increased activity of liver detoxification enzymes (Swanson et al. 1992; Munkittrick et al. 1994; Martel et al. 1996) ; altered immunological function ; and reproductive effects including delayed sexual maturation, decreased gonad size and changes in reproductive hormone levels (McMaster et al. 1991; Munkittrick et al. 1991 Munkittrick et al. , 1992a Munkittrick et al. , 1994 . Many of these fish effects were attributed to contaminant toxicity. However, benthic invertebrate and algae communities sampled in large rivers in Alberta and British Columbia did not exhibit response patterns indicative of PME toxicity. In the Athabasca River for example, increased periphytic algae and macroinvertebrate densities were observed downstream of the pulp mill (Podemski 1999; Culp et al. 2000a ). These results suggested that PME increased primary and secondary production in the benthic food webs as a result of nutrient enrichment rather than causing effects due to contaminant toxicity.
PMEs are complex mixtures that contain an array of compounds including chemical contaminants and nutrients. The objective of the Athabasca River studies was to use artificial streams to separate the effects of nutrients in whole mill effluent from contaminants. Nutrient effects were separated from contaminant effects on the basis of directional differences. Specifically, moderate nutrient enrichment would increase primary and secondary productivity whereas contaminant effects would decrease growth, reproduction, and eventually result in mortality (Culp and Podemski 1996; Podemski and Culp 1996; Culp and Lowell 1998; Culp et al. 2000a ). To achieve this objective three treatments were tested in the spring of 1993: control Athabasca River water, 1% (v/v) treated PME, and 1% (v/v) nutrients (nitrogen + phosphorus) at levels measured in the PME. The hypothesis was that exposure to both the PME and nutrient treatments would result in nutrient enhancement effects on the benthic food web and the PME and nutrient treatments would not differ. This would suggest that the effects of PME, at levels found in the Athabasca River, were due to nutrient enrichment rather than contaminant toxicity. Podemski (1999) and contaminants in PME b on periphytic Hinton, Alta.
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Fraser River, A large non-mobile artificial stream system was constructed on the banks of the Athabasca River near the Weldwood pulp mill at Hinton (Fig. 1, Site 1) . The system consisted of 16 circular tanks or streams (0.9 m 2 each) placed on tables ( Fig. 2A, Model I) . River water was pumped into each stream at a controlled rate, and effluents and nutrients were added to the treatment streams as previously published by Culp and Podemski (1996) and Podemski (1999) . A standardized benthic community, endemic to the Athabasca River, was created in each stream and exposed to PME for 28 days. At the end of the exposure period, algal biomass, growth of mayfly (Ephemeroptera: Siphloneuridae, Baetidae) and stonefly (Plecotera: Capniidae) nymphs, and insect abundance increased in the treatment streams relative to the reference treatment (Culp and Podemski 1996; Podemski and Culp 1996; Culp et al. , 2000a . In addition, these response variables did not differ between the 1% PME and the 1% nutrient treatment supporting the hypothesis that the effects of PME on the benthic food web were attributable to nutrient enrichment.
Results from the NRBS were some of the first to illustrate that the effects of PME on riverine benthos in large northern Canadian rivers were dominated by nutrient enrichment as opposed to contaminant toxicity. The artificial stream system provided the tool for investigating the cause of effects where treatments were manipulated in a more environmentally relevant manner. As a result of these successes, the artificial stream systems were further developed for use in pulp mill studies on the Thompson and Fraser Rivers in British Columbia.
to 1998, Fraser River Action Plan (FRAP), British Columbia
The FRAP was conducted from 1991 to 1997 to establish the existing ecosystem health of the Fraser River Basin and to explore new ecosystem management methods (Gray and Tuominen 1998) . Assessment of the health of the Fraser River and its tributaries necessitated studies on the effects of PMEs. Eight pulp and paper mills discharged into the Fraser River Basin and PME represented the largest source (by volume) of effluent discharged into the system (38%) (McGreer and Belzer 1998) . The effects of PMEs on the upper Fraser River near Prince George, B.C., and one of its main tributaries, the Thompson River, were studied using field surveys, laboratory studies and artificial stream experiments. Artificial streams were used to assess the effects of PME on benthic food webs, to explore the causal factor or source of the effect within the effluent, and to contribute to the development of a weight-of-evidence approach linking laboratory results to field observations.
Thompson River, Kamloops, British Columbia
The Thompson River is enriched largely because of PME discharged at the City of Kamloops. This problem has been investigated since the early 1970s, when excessive accumulations of periphytic algae occurred in the river downstream of the pulp mill coincident with an increase in mill discharge (Federal Provincial Thompson River Task Force 1976) . A series of studies by Bothwell and Daley (1981) , Bothwell (1985) , Bothwell et al. (1992) and Bothwell and Culp (1993) illustrated how bioavailable phosphorus discharged in PME enriched periphytic algae growth. However, further research was required to determine the role of contaminants (Bothwell et al. 1992 ). Increased algal biomass was possible through two mechanisms: nutrient enrichment due to the PME and/or reduced grazing pressure caused by pulp mill contaminants reducing benthic invertebrate abundance.
In the Thompson River studies, artificial streams were used to tease apart the interacting effects of nutrients and contaminants in PME on algae and benthic invertebrates ( Table 1 ). The approach differed from the NRBS studies in that a dose-response design was employed with the expectation to observe nutrient effects at low effluent concentrations, and contaminant effects at higher concentrations. In 1993 and 1994, periphytic algae and chironomids were exposed to a dilution series of PME (0.25 to 10% [v/v] ) (Dubé and Culp 1996; Culp and Lowell 1998) . Smaller artificial streams were used for testing the effects of the PME on single insect species (Lowell et al. 1995 (Lowell et al. , 1996 and simplified benthic food webs (Dubé and Culp 1996) . The single species approach focused the assessment of effects on key sentinel taxa to improve our understanding of species-specific responses (Culp et al. 2000c) .
The artificial stream system was set up on the banks of the Thompson River at Kamloops just upstream of the pulp mill effluent outfall (Fig. 1 , Site 2). The system included a water distribution system, treatment reservoirs for mixing the respective effluent dilutions with a continuous supply of river water, and small circular 0.33-L streams (45-cm 2 planar area) (Dubé 1995; Lowell et al. 1995) (Fig. 3) . Algae and chironomid larvae (Diptera: Orthocladiinae) from a reference area were placed into the streams and changes in algae and chironomid biomass were measured after 2 to 3 weeks of effluent exposure (Dubé and Culp 1996) . Dubé and Culp (1996) reported that algal biomass (chlorophyll a) increased in all effluent concentrations due to nutrient enrichment. Total chironomid biomass and individual weight were also enriched at low effluent concentrations (<5%). At higher concentrations (5 and 10%) chironomid biomass decreased possibly due to contaminant effects.
In 1993, Lowell et al. (1995 Lowell et al. ( , 1996 conducted small-scale artificial stream experiments on the Thompson River in concert with those of Dubé and Culp (1996) . Using the mayfly, Baetis tricaudatus, the effects of PME (1 and 10% v/v) on survival, growth, molting,and morphological development were investigated under two feeding regimes (low and high). Effluent exposure significantly stimulated growth and development with 20 to 50% increases in dry body weight relative to controls. Although molting frequency increased with moderate effluent exposure (1%), higher exposure (10%) reduced molting frequency, suggesting a contaminantmediated mechanism (Lowell et al. 1996) . These artificial stream results using mayflies as the sentinel species were consistent with the chironomid exposures conducted by Dubé and Culp (1996) showing an enrichment response at low PME concentrations and the appearance of inhibitory effects at higher concentrations.
In addition to consistency amongst artificial stream experiments, these results were consistent with field survey results (Culp and Lowell 1998). During tenure of the FRAP studies, long-term trends in historical data sets on the Thompson River were analyzed (Lowell et al. 1996 (Lowell et al. , 2000 . In addition, from 1991 to 1994 Dubé et al. (1997) collected algae and benthic invertebrate samples once every two weeks at sites near-field (50 km) and far-field (120 km) from the pulp mill. Long-term trend analysis showed that several families of stoneflies (Plecoptera), caddisflies (Trichoptera) and mayflies (Ephemeroptera) were more abundant in the years when the mill output of suspended solids and phosphorus was higher (Lowell et al. 1996) . Field monitoring by Dubé et al. (1997) also showed that temporal and spatial patterns in water column phosphorus, periphyton biomass and chironomid biomass (Diptera: Orthocladiinae) were consistent under normal mill operating conditions. The effects of the mill on the Thompson River benthic food web were restricted to nutrient enrichment. However, Dubé (1995) also observed that toxic effects of millrelated contaminants decreased chironomid densities in the Thompson River at far-field sites in 1992 when the mill's secondary effluent treatment system shut down.
The small-scale artificial stream studies conducted on the Thompson River were instrumental in providing information to substantiate field observations on the effects of PME on the benthic food web (Culp and Lowell 1998; Lowell et al. 2000) . They illustrated the nutrient enhancement effects of PME on endemic primary and secondary producers under conditions of effluent exposure typically found in the river (1%). These studies also showed the toxicity potential of the effluent under scenarios of increased effluent discharge (5 and 10%) or decreased effluent quality. The results of these studies were used as a basis to amend provincial operating permits for the mill's final effluent discharge (Dubé 1995) .
Fraser River, Prince George, British Columbia Examination of PME effects on benthic food webs using artificial streams was also conducted in the Fraser River at Prince George, B.C., under the FRAP (Fig. 1, Site 3 ) (Culp and Lowell 1998) . This location was chosen as an area of study because it received a total effluent loading of 410,000 m 3 /d from four pulp mills located within a 100-km stretch of the river between Prince George and Quesnel, B.C. In addition, field patterns in benthic invertebrate community structure reported by Culp and Cash (1995) and Culp et al. (2000b) suggested that this large northern river was responding to nutrient additions from PME as opposed to contaminants.
In 1994, benthic communities were exposed to 1 and 3% concentrations (v/v) of PME for 35 days to determine if nutrient enrichment effects occurred at low PME concentrations and toxicant effects manifested at higher concentrations (Table 1) (Culp and Cash 1995; Culp et al. 2000b ). The number of response variables measured increased in this study and included bacterial number, periphyton biomass, composition, and accumulation of target PME contaminants, and benthic invertebrate community structure. Community-level responses in addition to species-specific responses were measured to increase the ecological relevance of the study (Culp et al. 2000c) .
The design of the large artificial stream system was modified to improve its flexibility, transportability and cost-effectiveness. The streams and tables were secured onto two mobile flatbed trailers (Fig. 2B, Model II) . In addition, each trailer was constructed with enclosed laboratory space for effluent and water header tanks, pump storage, and space for sample processing. Design and operation of the streams, including benthic community inoculation, flow rates and sampling protocols, were as per previously described for the NRBS studies with additional information provided by Culp and Cash (1995) , Lowell (1998), and Culp et al. (2000b) .
Results from the Fraser River studies supported those from both the Thompson River and NRBS studies illustrating that the effects of PME on the benthic food web were caused by nutrient enrichment. Culp et al. (2000b) reported that bacterial numbers, periphyton biomass and the biomass of dominant insect taxa (i.e., chironomids and stoneflies) increased with effluent exposure. Interestingly, although a dose-response relationship was observed for pulp mill contaminants (i.e., resin acids and chlorinated phenolics) measured in periphyton, these tissue burdens did not translate into a decrease in algal growth or a change in species richness. Results were also consistent with laboratory and field studies building a weight-of-evidence on the effects of PME on riverine benthos response patterns in the Fraser River (Culp et al. 2000b) .
to 1998, Industrial EEM Pilot Studies, New Brunswick
Studies conducted during the NRBS and FRAP illustrated the utility of employing artificial streams for assessing the effects of PME on bacteria, periphyton and benthic invertebrate communities. The systems provided a mechanism to measure responses of endemic biota to controlled effluent concentrations under ambient, environmentally relevant conditions of light, temperature and water quality . These demonstrated qualities also made artificial stream application an attractive alternative to assess the effects of PME on fish.
Results from the first, 3-year cycle of the Canadian EEM program (1993 showed that field surveys of sentinel fish populations often did not provide adequate information on PME effects in confounded receiving environments (Courtenay et al. 1998; Parker and Smith 1997) . Assessing the effects of PME on fish in coastal and estuarine environments was especially difficult due to rapid plume dispersion, unknown plume hydrodynamics, fish mobility, and the presence of other effluent sources. If techniques could be developed to use artificial streams as an alternative to the EEM fish survey, this would provide a controlled means to attain effects-based information for mills where field surveys could not be used. Three industrial EEM pilot studies were conducted in marine and estuarine environments in 1997 and 1998 to develop artificial stream techniques for assessing PME effects on fish.
Saint John Harbour, Saint John, New Brunswick
The first pilot study was conducted in the Saint John Harbour, N.B. (Fig. 1, Site 4) using the large mobile mesocosm system (Fig. 2B , Model II) to assess the effects of a secondary treated thermomechanical PME on a saltwater killifish (Fundulus heteroclitus; mummichog) ( Table 1) (Dubé et al. In press) . Thermomechanical pulping is a process where pulp (cellulose fibres) is produced by applying steam and physical force to raw wood fibre. This particular mill was selected for study because the effects of its effluent on fish could not be determined using standard field surveys in the first cycle of the EEM program. The mill discharged to a complex marine environment characterized by extreme tidal fluxes, historical sediment contamination, and the presence of other effluents (e.g., treated and untreated sewage, stormwater, another pulp mill effluent, oil refinery effluent). These site characteristics confounded interpretation of any mill-related effects on fish because the level of effluent exposure could not be ascertained.
The artificial stream system was situated on shore at the end of a breakwater. Receiving water, unexposed to PME, was pumped into each stream during each tidal exchange as described by Dubé et al. (In press ). Two treatment conditions were created: control receiving water and 3% effluent (v/v). The 3% effluent concentration represented the concentration found over the largest spatial extent in the receiving waters as determined by plume delineation studies. Effluent was dosed for 28 days into each 3% treatment stream in conjunction with receiving water exchanges simulating exposure conditions of the sentinel species (Fundulus heteroclitus) that remain in tidal pools during ebb and low tide (Kneib 1986 ). Juvenile (120 fish per treatment) and adult (60 per sex per treatment) fish were allocated to the control and 3% effluent treatments and were fed daily using frozen brine shrimp at a rate of 3% total stream biomass. Fundulus heteroclitus was selected as the sentinel species because it was well studied, endemic to the Saint John Harbour, was a suitable size to place into the streams, and was sexually dimorphic for ease in controlling sex ratios (Kneib and Stiven 1978; Atz 1986; Scott and Scott 1988; Leblanc et al. 1997 ). In addition, juvenile growth rates were high enough to detect effluent-related effects over the exposure period at ambient study temperatures (Kneib and Stiven 1978) . Response variables included those congruous with the EEM wild fish survey (i.e., growth, gonad and liver size, condition factor) as well as additional physiological endpoints (mixed function oxygenase [MFO] induction, reproductive hormone levels) (Dubé et al. In press ). This study provided information on mill-related effects for an endemic fish species that was not attainable through field surveys. Survivorship was near 100% in all treatments and effluent exposure did not affect growth or MFO activity (Dubé et al. In press; Washburn & Gillis Associates Ltd. 1998). However, effluent exposure did significantly reduce gonad and liver size in males and increased production of some sex steroids in both sexes. Decreased gonad size has been observed in wild fish sampled downstream of pulp mills and suggests effluent effects on fish energy use (Sandström et al. 1988; Munkittrick et al. 1991 Munkittrick et al. , 1994 . Changes in reproductive hormone levels have also been reported in the literature for wild fish exposed to PMEs (Munkittrick et al. 1994; Karels et al. 1998) . Depending upon the species, sex, or time of year, these changes may represent an increase or decrease in hormone levels relative to unexposed fish (Munkittrick et al. 1992a,b) .
This study also revealed that further development of artificial stream techniques was required if these systems were to be used in EEM programs with fish. Development was required in three areas: endpoint relevance to EEM, minimization of other confounding influences in study design (low dissolved oxygen, low feeding rates), and improved costeffectiveness. A comparison was required to ensure that the effect endpoints measured in artificial streams were relevant to the quantification of effects as outlined in the EEM program. The EEM adult fish survey assesses PME effects using survival, energy use (i.e., size-at-age, relative gonad size) and energy storage (i.e., condition, relative liver size) as effect endpoints (Environment Canada 1998). Although the Saint John Harbour study showed that MFO induction and sex steroid hormones could be used to measure effluent-related differences, these endpoints were not required in the EEM program. Further work was also required to illustrate that artificial streams could be used to measure PME effects on organ size and fish growth (a substitute for size-at-age) within a reasonable (and cost-effective) study period. Growth of juveniles was not affected by 28 days of exposure in the Saint John Harbour studies but it was not clear if this was due to effluent quality or an insufficient length of exposure.
St. John River, Saint John, New Brunswick
The opportunity to further develop artificial streams for assessing PME effects on fish arose in 1997 and 1998. used artificial streams to determine the effects of a PME on Fundulus heteroclitus in the St. John River and to evaluate changes in final effluent quality associated with a mill process change (Fig. 1, Site 5) (Table 1) . This study was similar to the Saint John Harbour study in that the same large artificial stream system (Fig. 2B , Model II) and sentinel species were used. This study differed with respect to the scope of the hypotheses tested, the type of mill process investigated (bleached kraft chemical pulping process), the type of receiving environment studied (estuarine), and the protocols used for feeding the fish and maintaining water chemistry (e.g., dissolved oxygen).
The Irving Pulp & Paper Ltd. bleached kraft pulp mill discharged approximately 81,000 m 3 /d of effluent into the St. John River estuary (Dubé and MacLatchy 2000a) . Assessing the effects of the final effluent on wild fish using standard EEM field survey techniques was difficult at this site because the required numbers of sentinel species could not be captured and the level of effluent exposure was unknown . Furthermore, neither field surveys nor laboratory toxicity tests provided the means to evaluate environmentally relevant improvements in effluent quality as a result of mill process changes.
In 1997, before the mill process change, adult Fundulus heteroclitus were exposed to final mill effluent (1% v/v) for 27 days (Dubé and MacLatchy 2000a) . In 1998, after the mill process change, both adult and juvenile mummichog were exposed to three concentrations of PME (0.5, 1.0 and 5.0% v/v) for 30 days and 60 days. The 1% effluent concentration simulated the predicted effluent concentration in the St. John River based upon plume delineation studies . The large artificial stream system was situated on the St. John River beyond the zone of effluent influence. Reference water was pumped continuously into each stream to simulate site-specific exposure conditions. To eliminate low food and dissolved oxygen levels as factors potentially confounding interpretation of effluent-related effects, fish were fed at 6% total stream biomass per day using commercial trout pellets. In addition, dissolved oxygen concentrations in each stream were maintained above 80% saturation. Response variables included juvenile growth, adult organ size (liver, gonad), condition, MFO induction, and reproductive hormone levels.
In both the 1997 and 1998 studies, survivorship was >95% and fish in all treatments increased in biomass throughout the exposure period showing an adequate feeding rate . Exposure to final effluent at 1% did not affect adult organ size (gonad or liver) in either 1997 or 1998. However, to illustrate the responsiveness of Fundulus heteroclitus to PME and to support conclusions that adult fish were largely unaffected by exposure to environmentally relevant concentrations of PME at this mill, employed a dose-response study design in 1998. Exposure to a 5% concentration of PME for 60 days resulted in significant increases in liver size in both sexes and significant decreases in both the length and weight of juvenile fish (Dubé et al. In press) . Employing a dose-response design illustrated the responsiveness of the test species, the quality of the data set, and the threshold for PME effects was between 1 and 5% for this mill.
The artificial stream system was also used in this study as a tool to evaluate the effects of a mill process change on final effluent quality under environmentally relevant exposure conditions (Dubé and MacLatchy 2000a; Dubé et al. 2000) . Changes in liver size, gonad size and condition in adult mummichog were not observed between 1997 and 1998. However, patterns in reproductive hormone levels differed between years showing significant depressions in plasma testosterone in both males and females in 1997 but not in 1998. Further investigation using toxicity tests (Dubé and MacLatchy 2000b) and laboratory exposures of mummichog to mill process effluents (Dubé and MacLatchy 2001) in a weight-of-evidence approach confirmed that the process change removed acute toxicity of the final effluent and significantly reduced sublethal toxicity including reduc-ing reproductive effects on a local fish. Using artificial streams at this mill provided an effects assessment for the final effluent, assisted with the identification of the cause of the effects (process stream identification), and illustrated the effectiveness of a process change in improving environmental performance .
to 2002, Toxic Substances Research Initiative (TSRI)
Following completion of the NRBS, FRAP and Industrial Pilot studies, sufficient evidence existed to support the use of artificial streams in the Canadian pulp and paper EEM program for benthic food web and fish effects assessments. However, additional development of the systems occurred from 1999 to 2001 under the TSRI to improve artificial stream use in three areas: cost-effectiveness through design optimization, use with other effluents (metal mining), and use in cumulative effects bioassessment programs with multiple effluents (Culp et al., Unpublished data). Data from these studies were not available at the time of manuscript submission. However, the hypothesis tested and summaries of the study designs are presented below to illustrate the current status of artificial stream application in Canada for EEM programs.
Miramichi and Upper St. John Rivers, New Brunswick
The objective of these studies was to evaluate two novel artificial stream designs for use in EEM programs (Table 1 ) (Culp et al., Unpublished data). In the Miramichi River studies, the effects of primary and secondary bleached kraft pulp mill effluent (1% v/v) on Fundulus heteroclitus after 23 days of exposure were evaluated using a redesigned large artificial stream system (Fig. 1, Site 6) (Dubé et al. In press) . The system consisted of 16 circular tanks (0.42 m 2 ) on a single trailer for improved transportability (Fig. 2C, Model III) . Improved control over effluent dilution and dissolved oxygen levels was also attained by redesigning the plumbing and adding an air-lift system (Dubé et al. In press) . AMEC Earth & Environmental Ltd. (previously Washburn & Gillis Associates Ltd.) constructed the system to provide an initial mechanism for transferring the technology from the federal research laboratories to the private sector. Preliminary results show that the redesigned system was more cost effective with lower maintenance time (Culp et al., Unpublished data). Dubé et al. (In press) also showed that the system could be used to test the effects of primary and secondary treated effluent on reproductive hormone levels in the mummichog. Due to the success of this study and the demonstrated effectiveness of the large stream system over the past decade, standard operating procedures were developed (Technical Guidance Document) for its use in EEM programs (Environment Canada 2001) .
In the Upper St. John River in Edmunston, N.B., the effects of increasing concentrations of effluent (0 to 40% v/v) from a sulphite pulp mill on a benthic community were evaluated using a novel modular stream design (Table 1) (Culp et al., Unpublished data) (Fig. 1, Site 7) . The modular system consists of eight 10-L circular streams situated on tables above dilution reservoirs (Fig. 4) . Each dilution reservoir represents a treatment level in the experimental design (n = 8). The system resembles the design of the smaller stream system described by Lowell et al. (1995) , Dubé and Culp (1996) and although it is completely portable, offers increased flexibility for hypothesis testing, and is highly cost-effective compared to previous systems tested. In addition, the system has been designed by Culp et al. (Unpublished data) to measure endpoints related to benthic invertebrate community function (i.e., community metabolism) and to measure the effects of effluents on benthic insect emergence patterns.
Little River, Bathurst, New Brunswick In this study, artificial stream techniques were developed for other effluents monitored under the Canadian EEM program. Base metal mines in Canada will be required to conduct EEM programs to assess the effects of their effluents under a recently amended Metal Mining Liquid Effluent Regulation (Environment Canada 2001) . In 2000, three artificial stream studies were conducted in concert by Culp et al. (Unpublished data) to evaluate the effects of a metal mining effluent on fish, benthic invertebrate and algae communities, and a self-sustaining multi-trophic level food web (algae + benthic invertebrates + fish). Studies were conducted at Brunswick Mines near Bathurst, N.B. (Fig. 1, Site 8 ). In the first study, the large (Model III) artificial stream system (Fig. 2C ) was used to assess the effects of 20% and 80% (v/v) metal mine effluent on juvenile Atlantic salmon (Salmo salar). The treatment levels for this study were selected to represent current effluent discharge (80%) into the Little River, N.B., and predicted discharge levels upon mine closure (20%). The experiments consisted of 37 days of exposure and response variables included growth, liver size, condition, metal tissue burdens, and stress endpoints including levels of muscle glycogen and ATP. In the second set of studies, the modular stream system (Fig. 4) was used to measure benthic invertebrate responses to 20% and 80% metal mining effluent after 24 days of exposure. Response variables included changes in total invertebrate density, taxon richness, Simpson's Diversity Index, Bray-Curtis Index and insect emergence. These endpoints are those that will be required under the metal mining EEM program. In the third set of experiments, the modular stream system (Fig. 4 ) was used to expose a self-sustaining multi-trophic level food web to 20% and 80% concentrations of mining effluent for 26 days. In these multi-trophic level studies young-of-the-year slimy sculpin (Cottus cognatus) were placed into streams that had been inoculated with algae and benthic invertebrate communities from a reference river. The objective of this multi-trophic level study design was to assess the effects of mining effluent on fish using a more environmentally realistic pathway of contaminant exposure (i.e., through the food web as opposed to using an unexposed food source).
Development in progress: 2001 and beyond
The final phase of stream development is to illustrate the effectiveness of these systems as tools for cumulative effects bioassessment (Culp et al., Unpublished data). Often, large river systems receive multiple sources of effluent making it difficult to attribute causes of biological effects to a particular source or to identify cumulative interactions amongst sources . In the summer of 2001, the modular mesocosm system (Fig. 4) was used in large-scale cumulative effects assessments for a pulp mill and sewage discharge in Alberta and a metal mine in Ontario. The Alberta study was conducted to determine the relative contributions of both municipal sewage and PME to cumulative effects on a multi-trophic level food web. The Ontario study was conducted to determine the contributions of three mining effluents to the cumulative effects on local creek chub (Semotilus atromaculatus).
Incorporation of Artificial Streams into EEM Programs Synergy with EEM Program Components
Field-based artificial stream studies to assess the effects of point source effluents as required under the Canadian EEM programs have been conducted in Canada 14 times in eight years from 1993 to 2000 (Table  1) . Table 2 summarizes the types of information that have been attained from these studies including the range of receiving environments studied, the types of effluents, specific endpoints for different levels of biological organization, and the types of hypotheses that have been tested. This research provided the basis for incorporating artificial streams into the EEM programs because it demonstrated that these systems could fit within the required regulatory context and satisfy screening criteria for approval of monitoring alternatives.
In the EEM programs, field surveys are the first "tier" of evaluation to determine if organisms are being affected by exposure to pulp and paper or metal mining effluents (Environment Canada 1998 , 2001 ). However, if standard EEM field surveys cannot be conducted artificial stream systems provide an alternative. Situations where artificial streams may be used include confounded receiving environments and unsafe sampling conditions. Examples of confounded receiving environments include the presence of historical effects, the absence of suitable reference areas for comparison to exposure areas, the presence of other effluents, and changes in relevant habitat types that cannot be factored out in the design of the field survey.
Artificial stream studies also fit within the EEM program when field surveys have demonstrated a statistically significant difference in endpoints amongst reference and exposure areas (i.e., an effect). If an effect has been documented then artificial streams can be used to determine the magnitude and spatial extent of the effect, the cause (or source) of the effect, and to assess cumulative effects. The magnitude and spatial extent of effects can be assessed by measuring biotic responses to an ecologically relevant dilution series, by testing effluent effects on ecologically relevant or sensitive biota, or by testing effluent effects on ecologically relevant habitat types. Artificial streams can also be used for investigation of causal mechanisms associated with an effect. Lowell et al. (1995) , , and Dubé and Culp (1996) showed how dose-response study designs could be used to separate the effects of nutrients from contaminants in PME on benthic food webs. In addition, , MacLatchy (2000a,b, 2001) , and Dubé et al. (In press) showed how artificial streams could be used as part of a weight-of-evidence approach to isolate and identify the contribution of different in-mill process streams to final effluent quality. Finally, artificial stream systems can be used in EEM programs to assess the cumulative effects of multiple effluent discharges (e.g., PME + municipal sewage) or for scenario investigation (e.g., to determine the effects of mine discharge for effluent concentrations predicted upon mine closure).
Conformity with Screening Criteria
In order to keep the EEM programs focused and cost-effective, screening criteria were developed to ensure that only those monitoring techniques that were environmentally relevant, interpretable, and scientifically defensible were included into the EEM program (Table 3) . Artificial stream systems satisfied all of the stated criteria with the following excep- tions. At some sites, application of the systems can be limited by a lack of appropriate access and infrastructure requirements. In addition, the systems are restricted to medium term (i.e., weeks to months) testing such that long-term bioaccumulation processes cannot be examined.
Conclusions
Artificial stream systems have been developed in Canada over the past decade to examine the effects of point source effluents including pulp mill effluent and metal mining effluent on fish and benthic communities in marine, estuarine and freshwater receiving environments. As a result of this development these systems have recently been accepted as monitoring alternatives in the Canadian pulp and paper and metal mining EEM programs. Artificial stream studies can be used in EEM programs to determine effluent effects when standard field survey approaches cannot be conducted. They can also be used in a "second tier" of testing if an effect has been documented and the magnitude and spatial extent of the effect, or the cause of the effect requires investigation. The Canadian expe- 
